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A new procedure for constructing peptides into a given Cαa chain
Yanli Wang*, Hassan I Huq, Xavier F de la Cruz† and Byungkook Lee
Background: In ab initio protein folding studies, it is often advantageous to
build the Cα chain first and then to construct the full structure by filling in the
peptide groups and the sidechains. Many algorithms have been reported for
constructing peptide groups on the Cα chain, but most are unsuitable for use in
such studies; some are too slow for screening a large number of trial Cα chains
and others use only the local geometry and ignore the effects of specific
non-neighbor interactions, which can be crucial for proper folding. We needed
a fast procedure for constructing the peptide groups that does not ignore the
effects of long-range, specific interactions.
Results: We first found rich correlations between the peptide orientation angle
and both the local Cα-chain geometry and the type of the flanking amino acid
residues. These correlations can be used to greatly limit the range of possible
peptide orientation angles. We devised a simple peptide construction
procedure in which all orientations within this reduced range are systematically
examined and the orientation is selected that minimizes a suitable energy
function that includes long-range, specific interactions. When tested on known
structures, the method is found to be among the fastest of known methods and
attains an accuracy comparable with or better than most methods.
Conclusions: The new method is fast and takes into account both the local and
non-local specific interactions. It therefore appears to be suitable for use in ab
initio protein folding studies, wherein a large number of Cα chains are screened.
Introduction
In many ab initio protein folding and loop modeling
studies, a large number of structures are generated and
tested. In such studies, it is often advantageous to work
initially with only the Cα chain because it can be built and
evaluated fast. Those Cα chains that pass the initial
screening must then be built up into the full protein for
further evaluation. This involves constructing the peptide
groups between the Cα atoms and the sidechains. This
article is concerned with the method of constructing the
mainchain peptide groups given the Cα chain.
Many different techniques are known for constructing
peptide groups when given the Cα chain. Fragment-fitting
is among the most popular [1–5]. This method essentially
works by finding from the known structural database a
segment that most closely matches the Cα-chain segment
of interest. Other methods are based on the geometrical
constraints that exist between adjacent peptide groups
[6,7]. Payne [8] sets up a potential of mean force between
adjacent peptide groups and uses the dynamic program-
ming technique to find the global minimum under such a
force. The method devised by Liwo et al. [9] depends on
maximizing peptide dipole alignments. Rey and Skolnick
[10] build the Cβ atoms first from frequency distributions
observed in the database and then build peptides that are
compatible with the Cβ positions. A number of other
approaches minimize the full atom-based empirical poten-
tial using a directed search [11], a molecular dynamics
[12,13], or a Monte Carlo [14] procedure.
But many of these methods are too slow for ab initio
folding studies, wherein a large number of structures have
to be screened routinely. The geometrical methods
depend on the interaction between sequence neighbors.
Payne [8] improved on this method by including other
interactions in the form of the potential of mean force, but
both methods ignore the specific non-neighbor interac-
tions that can be crucial for protein folding studies. Other
methods depend so totally on the known folded-protein
structures that it is unclear how they would perform for
the Cα chains that are artificially generated during folding
trials. Here, we propose a new, fast procedure for use in
such ab initio protein folding studies. The method uses
the rich correlation we find between the peptide orienta-
tion and both the amino acid type and the Cα-chain
geometry. The correlation is so strong that the range of
orientation angle expected for each peptide is severely
limited; the correct or nearly correct orientation can be
found for most peptides by simply scanning the limited
range in finite-angle steps, one peptide at a time, and
selecting the orientation that gives the minimum energy,
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which includes both the near-neighbor effect and the
long-range interactions.
Results
Peptide-angle frequency distribution
The orientation of the peptide group between two
residues, i+1 and i+2, can be described using the angle
between the plane of the peptide and the plane of three
consecutive Cα atoms [15], either the (i, i+1, i+2) Cα
triplet (α1) or the (i+1, i+2, i+3) Cα triplet (α2, Figure 1).
The probability (normalized frequency) distributions for
the α1 and α2 angles that occur in a database of structures
(Table 1a), for all peptides other than those with glycine
or proline at position i+2, are shown in Figure 2. The dis-
tribution for α1 (dashed line) shows three main peaks, but
there are significant probabilities between these peaks
and all angle values between 0° and 360° are possible. The
distribution for α2 (solid line) shows only two peaks and a
much stronger orientational preference. Because of the
narrower probability distribution, we used only the α2
angle in this study, except for the C-terminal peptide unit
for which the α1 angle was used because α2 is not defined
for this unit. The major peak is around α2 = 80° and covers
> 90% of the peptides in the whole dataset. This defines
α2 range I in Table 2. If all peptide groups were built
using α2 = 80°, 60% of the peptides would have < 20°
deviation in their orientation from that in the crystal struc-
ture and the flip rate (the fraction of residues for which
the calculated orientation angle deviates by > 90° from the
experimental value) would be < 10%. The second peak is
around α2 = 300° and defines α2 range II. These peptides
occur in the left-handed α-helical conformation.
The α2 angle distribution was found to depend on the
type of amino acid at position i+2, but not on the type at
i+1. This is understandable because, referring to Figure 1,
it can be seen that the orientation of the sidechain of
residue i+1 can be changed, without changing the α2
angle of the peptide between i+1 and i+2, by rotating it
around the C–Cα bond of residue i+1. Thus, we always
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Figure 1
Definition of the peptide orientation angle α2. The covalent bonds
between the six atoms that make up a peptide group are shown as
thick black lines. The thick gray lines connect the four Cα atoms. The
six atoms of the peptide group lie on one plane and the three Cα
atoms (Cαi+1, Cαi+2 and Cαi+3) lie on another plane. The two planes
share the line joining Cαi+1 and Cαi+2. The dihedral angle between
these two planes defines the orientation angle α2. The virtual bond
angle θ2 is also indicated.
Cαi
Cαi+1
Cαi+3α2
θ2
H
C
O
N
Folding & Design
Table 1
(a) Proteins used to obtain peptide orientation-angle frequency distribution and correlations.
1aaj 1aba 1aizA 1amp 1arb 1ast 1bbhA 1bcx 1bgc 1bgh 1bp2 1brn 1btl 1cbs 
1cmbA 1cni 1cpcA 1cpcB 1cseE 1cseI 1csu 1ctf 1cus 1dbs 1dhjA 1dxuB 1eca 1enj 
1ezm 1fdn 1fel 1fkb 1flp 1fna 1fnb 1frrA 1fxd 1gdi 1hbg 1hbiA 1hcrA 1hen 
1hfc 1hna 1hneE 1hpi 1hslA 1hviA 1hyp 1icm 1igd 1ilk 1isaA 1isuA 1knb 1lenA
1lmb4 1mba 1mdc 1molA 1mrj 1nar 1ncoA 1nfp 1npk 1onc 1osa 1pal 1pda 1ppfI
1ppo 1ptf 1ptx 1rbs 1rcf 1rga 1ropA 1scs 1sgt 1shaA 1shg 1sreB 1srnA 1sye
1ten 1tgsI 1tgxA 1thw 1tib 1tml 1ton 1tph1 1ttbA 1tys 1ubi 1utg 1wapA 1xsoA
1ytbA 256bA 2ak3B 2alp 2ayh 2bbkL 2bopA 2ccyA 2cdv 2cy3 2cyp 2dri 2fgf 2hts
2mhr 2msbA 2plt 2rmcA 2sicI 2sn3 2spcA 2tgi 2trxA 351c 3b5c 3chy 3cla 3dfr
3ebx 3wrp 4chaA 4fxn 4gcr 4icb 4rxn 8dfr 9pti 9wgaA
(b) Proteins used for the peptide reconstruction test.
1aak 1aapA 1aba 1abmA 1ads 1aozA 1arb 1avhA 1babB 1bbhA 1bbpA 1bovA 1btc 1caj
1cauA 1cauB 1cmbA 1cobA 1cpcA 1cpcL 1cseI 1dfnA 1dhr 1dnkA 1eaf 1eco 1ezm 1fas
1fbaA 1fcs 1fdd 1fha1 fiaB 1fxiA 1gky 1gmfA 1gmpA 1gox 1gpb 1hilA 1hivA 1hleB
1hsbA 1isuA 1l92 1lgaA 1ltsA 1ltsC 1ltsD 1mamH 1mdc 1minA 1minB 1mup 1nxb 1ofv
1omp 1osa 1ovb 1paz 1pda 1pfkA 1phb 1phh 1poa 1poc 1ppbH 1ppfE 1ppn 1prcC
1prcM 1rbp 1rcb 1rnd 1rro 1s01 1sbp 1sgt 1shaA 1shfA 1snc 1ten 1tfg 1tgsI
1tho 1trb 1troA 1ttbA 1utg 1vaaB 1ximA 1ycc 256bA 2aaa 2abk 2ayh 2azaA 2baa
2bopA 2ccyA 2cdv 2cpl 2cro 2ctc 2cts 2cyp 2dri 2end 2er7E 2glt 2had 2hhmA
2hpdA 2ihl 2lalA 2lalB 2liv 2madL 2mhr 2mnr 2msbA 2nrd 2omf 2pcdA 2phy 2pia
2por 2rn2 2sas 2scpA 2sga 2sn3 2tmdA 2ztaA 3adk 3b5c 3cd4 3chy 3cla 3cox
3dfr 3ebx 3gbp 3grs 3il8 3pmgA 3pte 3rubS 3sc2A 3sgbI 3sicI 4blmA 4enl 4fxn
4insB 4sgbI 4tms 5nn9 5p21 7aatA 8abp 8acn 8adh 8i1b 8rxnA 9ldtA 9rnt 9wgaA
associate the residue at i+2 with the peptide between
residues i+1 and i+2.
When threonine, valine, isoleucine or leucine is at the i+2
position, the peak at α2 = 300° almost disappears (data not
shown). The α2 angle distributions for peptides preceding
glycine or proline are shown in Figure 3. For glycine, the
distribution is nearly symmetric about α2 = 180°. Also, the
probability is significantly above zero between the two
main peaks so that the α2 angle can actually take any
value between 30° and 340°. On the other hand, both trans
proline and cis proline give narrow distributions, centered
around 60° and 240°, respectively. We identify a peptide
as cis or trans depending on whether the distance between
the two Cα atoms of the peptide is < 3.36 Å or > 3.36 Å,
respectively. The 3.36 Å is the mean of 2.91 Å and 3.80 Å,
which are the standard Cα–Cα distances for cis and trans
peptides, respectively [16]. According to this criterion,
there are 50 cis peptides in the data set, of which only 42
are proline. The remainder consists of peptides that precede
glycine (three cases), aspartate (three cases), lysine (one
case), and tyrosine (one case). All cis peptides have the α2
distribution similar to that for cis proline.
The geometry of a chain of four consecutive Cα atoms (i,
i+1, i+2, i+3), can be described in terms of the virtual
torsion angle τ, which is defined by the four atoms and the
virtual bond angles θ1 and θ2 defined by the atom triplets
i, i+1, i+2 and i+1, i+2, i+3, respectively. Different combi-
nations of τ, θ1 and θ2 were grouped into four types, a, b1,
b2, and c, which we refer to as the (local) secondary struc-
tural states. State a has angle ranges that are typical for the
α-helical conformation and states b1 and b2 have angle
ranges typical for the β-sheet conformation (Table 3). The
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Figure 2
The normalized frequency distribution for the peptide orientation angles,
α1 (dashed line) and α2 (solid line), for all peptides in the dataset of
Table 1a other than those that precede glycine or proline.
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Table 2
Allowed ranges and initial values of the αa2 angle.
Amino Secondary Initial
acid structural α2 range (°) value of
type state θ2 range (°) I II α2 (°)
trans Pro 20–110 65
cis Pro 220–270 225
Gly 0–110 50–120 240–330 none
Gly 110–180 α2°(7) ± 50 α2°(8) ± 50 none
U c 0–90 U
X a 75 75
X b1 α2°(4) ± 50 α2°(4)
X b2 α2°(5) ± 50 α2°(5)
X c 0–100 40–140 280–340* 65
X c 100–120 20–160 55
X c 120–180 α2°(6) ± 50 α2°(6)
α20 is the value given by one of the regression equations (Equations
4–8) in the Materials and methods section. The number in parentheses
gives the regression equation number. a, b1, b2 and c are the four
defined types of (local) secondary structural states (see text for more
details). U: all peptides, other than glycine or proline, that precede a
cis peptide and that are in the secondary structural state c. The initial
value of α2 was inadvertently set to that of other c-state peptides.
X: any residue other than glycine, proline, or one that precedes a cis
peptide. *For the threonine, valine, isoleucine and leucine peptides, this
second range was not assigned and the SPAS (see the Materials and
methods section) was made within range I only.
Figure 3
Normalized frequency distribution of the α2 angle for peptides that
precede glycine (solid line), trans proline (dashed line), or cis proline
(dotted line).
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coil state c is defined as all conformations other than a, b1
or b2. The peptide orientation was found to depend on the
secondary structural state and the θ2 angle.
For example, the α2–θ2 correlation for the non-glycine
and non-proline peptides in the residue quartets that are
in the c state is shown in Figure 4. When θ2 is < 100°, α2
occurs in two separate regions, one around 80° and the
other around 290°. The peptides in the right-handed and
left-handed α-helical conformations have orientations near
80° and 290°, respectively. When θ2 is between 100° and
120°, most α2 angles occur in one broad region from 20° to
160°. When θ2 is > 120°, α2 is linearly correlated with θ2
and does not deviate > 50° from the best regression line
through the data points. Similar linear correlations were
found for the peptides in the b1 and b2 secondary struc-
tural states. Another example of the α2–θ2 distribution is
shown in Figure 5 for the case when glycine is at position
i+2. The distribution is approximately symmetric with
respect to the change in the sign of α2.
The observed characteristics of the α2 angle distribution
were used to set up the searchable range for the peptide
orientation angle (see the Materials and methods section).
The most probable value was also determined for each
different case and used as the initial value for the system-
atic scan procedure. The searchable ranges and the initial
angle chosen are summarized in Table 2.
Single peptide reconstruction in the native environment
The peptides were built, one peptide at a time, by system-
atically scanning all angle values in the search range (see
Table 2) and selecting the angle that gives the minimum
energy without steric overlap. The energy function con-
sisted of two terms; the N–Cα–C bond angle distortion
term, Eba, and the hydrogen bond energy term, Ehb. The
procedure was first tested by reconstructing one single
peptide in the otherwise unchanged native backbone
structure. In order to see the importance of the two energy
terms used, tests were also made using only one of the two
terms at a time. The root mean square (rms) deviations of
the calculated orientation angles from those in the crystal
structure are given in Table 4 for three small proteins of
different structural classes, crambin (1crn), protein G (1igd),
and trypsin inhibitor (5pti).
We note that the use of both energy terms gives a better
result than when either one is used for all three proteins.
The use of only the Ehb term is generally worse than
using only the Eba term, but Ehb cannot be ignored. For
example, in the crystal structure of 5pti, the N–Cα–C
bond angles for residues Asn24 and Ala25 are 105° and
114°, respectively, representing distortions of the bond
angles by 5° and 4°, respectively, from the standard value
of 110°. There is a hydrogen bond between the amide
nitrogen of Asn24 and the carbonyl oxygen of Leu29. The
protein forms a hairpin turn between these two residues,
from which starts the long two-stranded twisted β sheet
that is the most prominent feature in this structure. When
only the Eba term was used, a flipped orientation was
chosen for the Asn24 peptide, because it resulted in
slightly less bond angle distortion, and the hydrogen bond
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Table 3
Definition of the secondary structural states of a chain of four
Cαa atoms.
Angle ranges (°)
θ1 θ2 τ
State Min Max Min Max Min Max
a 80 110 80 110 20 80
b1 110 140 110 140 170 230
b2 110 140 110 130 230 280
If the four Cα atoms are consecutively numbered 0–3, θ1 and θ2 are
the virtual bond angles at atoms 1 and 2, respectively, and τ is the
virtual torsion angle around the 1–2 virtual bond. State c is defined as
all geometries other than a, b1 and b2.
Figure 4
The correlation between α2 and θ2 for non-glycine and non-proline
peptides in the c state. The crosses represent peptides that precede a
cis peptide.
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between Asn24 and Leu29 was lost. The correct orienta-
tion and the hydrogen bond were restored when the Ehb
term was included.
The relatively poor result for 5pti arises mainly from the
peptides 55–56, 56–57 and 57–58 at the C terminus of the
protein, which have α2 angle deviations of 76°, 62° and
109°, respectively. The conformations for several residues
close to the C terminus in this structure are not well
defined, as indicated by the weak electron density and
high temperature factor. For another crystal form of this
protein, 4pti [17], the angle rms deviation value is 21° and
there is no flip. There were no other flips in 5pti and there
were none in the other two proteins.
In addition to these two energy terms, the bump check
(see Materials and methods section) was found to be
important. Undoubtedly, the use of the limits on the
allowed range for the α2 angle already includes much of
the steric effect. But this presumably includes only the
local and average effects and the individual, long-range
peptide–Cα and peptide–peptide bump check must still
be made. By selectively turning off a particular type of
bump check, we found that the peptide–Cα bump check
had little effect on avoiding unreasonable orientations, but
that the peptide–peptide bump check was clearly benefi-
cial. Thus, for the peptides for which two allowed α2
angle ranges exist, the peptide–peptide bump check com-
pletely removed one of the two ranges for nearly 50% of
the cases. The peptide–Cα bump check is relatively less
important probably because all the structures that were
tested in this study were real, observed structures; this
bump check will be more important when peptides are
built for Cα chains that are artificially generated during
folding trials.
Full peptide reconstruction
The procedure was tested next by reconstructing all pep-
tides of the protein for the same three small proteins and
also for a test set of proteins (Table 1b). For the three
small proteins, the full peptide reconstruction results
(Table 4) are 2–5° poorer than those for the single
peptide reconstruction in the native environment for two
proteins and are comparable for 1igd. A comparison of the
α2 angles between the native and the calculated struc-
tures for 1igd is shown in Figure 6. Figure 7 shows the
change in average angle rms deviation during the course
of the peptide orientation refinement for the dataset of
168 proteins (Table 1b). The improvement was rapid and
essentially finished after four cycles of refinement. The
average angle rms deviation is 27° and the flip rate is
1.8% (Table 5), but there is a considerable variation in
these accuracy measures for different peptide types. This
variation is largely as expected from the breadth of the α2
angle distribution, as summarized in Table 2. The distrib-
ution of the rms deviations between the coordinates of
selected atoms in the reconstructed and experimental
structures over the test dataset proteins is given in
Figure 8. Most of the coordinate rms deviations are in the
range 0.2–0.7 Å for C, O and N atoms and 0.4–1.1 Å for
the O atoms alone. Proteins with helical bundle structure
were among those that were built with higher accuracy
(data not shown).
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Figure 5
The correlation between α2 and θ2 for peptides with glycine at
position i+2.
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Table 4
The angle rms deviations for peptides built in three small
proteins.
Energy Angle rms deviations (°)
term 1crn 1igd 5pti
Ehb 31.4 35.6 29.3 29.3 31.2 37.9
Eba 16.1 22.6 21.2 22.5 33.9 34.6
Ehb + Eba 14.9 17.4 18.4 16.2 25.6 30.5
For each protein, the left-hand column of numbers gives the errors
when single peptides are built in the native environment and the
right-hand column gives the errors when all peptides are built in full
reconstruction. Proteins: 1crn, crambin; 1igd, protein G; and 5pti,
trypsin inhibitor. Ehb, hydrogen bond energy term; and Eba, N–Cα–C
bond angle distortion term.
The distribution of the flip rate for all proteins in the test
dataset is shown in Figure 9. The N-terminal and C-ter-
minal peptides are flipped more often than average, with
average flip rates of 8% and 25%, respectively; ~12% (20
out of 168) of the proteins had no flip. Many of these pro-
teins are of small size, but some, like 2pcdA, are up to 200
residues long. Eight proteins were built with only the
C-terminal peptide flipped. There is a clear increase in
the flip rate in the parts of the structure where the crystal-
lographic B factor is high. Of the two proteins that have
the highest flip rates, there is a known problem in one [18]
and a problem or an unusual feature in the other [19].
In order to see the effect of the Ehb on the orientation of
the peptide groups, the peptide reconstruction procedure
was repeated using only the Eba term. The omission of the
Ehb term increased the angle rms deviation value by 4.8°
on average (Figure 10) and increased the flip rate from
1.8% to 2.5% for all peptides and from 1.2% to 1.7% when
those with a B factor > 30 were excluded.
For two proteins, peptides were reconstructed for each of
a set of conformations determined by NMR. The results
for protein G are shown in Figure 11. It can be seen that
the peptides were built with nearly uniform accuracy for
all the NMR structures (1gb1), although some of these
structures had up to 1.2 Å Cα and backbone atom coordi-
nate rms deviations from the crystal structure (1pga). A
similar result was obtained with the NMR structures
of the trypsin inhibitor (1pit), which had up to 2.5 Å Cα
and backbone atom coordinate rms deviations from the
5pti structure.
Discussion
We have presented a straightforward new method for con-
structing the peptide groups into the given Cα chain of a
protein molecule. The procedure starts by assigning the
most probable orientations to all peptides and then itera-
tively refines the orientations by scanning all angle values
and selecting the angle that avoids atomic overlap and
minimizes an energy function. The main motivation for
studying this approach was the desire to include the
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Figure 7
Changes in the peptide orientation-angle rms deviation, averaged over
the test dataset of 168 proteins, during the course of the structure
refinement.
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Table 5
Angle rms deviation and flip rate for different peptide types.
Peptide type Angle rms deviation (°) Flip rate (%)
a 10.9 0.0
b1 20.0 0.9
b2 26.9 1.9
c 32.7 2.8
trans Pro 22.0 0.4
cis Pro 15.7 0.0
Gly 39.5 4.6
All 26.9 1.8
The values of angle rms deviation were calculated for all the peptides
in the test dataset without regard to the protein to which they belong.
Peptide types are as defined in Table 2.
Figure 6
The calculated (open circles) and experimental (filled circles) peptide
orientation angles for protein G (1igd).
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effects of specific, long-range interactions, particularly the
steric overlap and the hydrogen bonds, because such spe-
cific interactions can help reject bad trial Cα chains that
are generated during an ab initio protein folding process.
When tried on a set of known protein structures, the pep-
tides were built with an average angle rms deviation of 27°
(Table 5), coordinate rms deviation of 0.2–0.7 Å for the C,
O and N atoms (Figure 8), and an average flip rate of 1.8%
(Table 5). The average computation time was ~0.14 s per
peptide on an SGI Personal Iris 4D35 R3000 processor.
The accuracy and speed are comparable to or better than
those obtained by others using different techniques [3–5,
10,12,14]. An exception is Payne’s procedure [8], which is
probably as fast and achieves somewhat better accuracy.
This is an elegant procedure in which a dynamic program-
ming technique is used to find the global energy mini-
mum. But the technique works only by ignoring
long-range specific interactions and, given a poor Cα-chain
geometry, will build peptides even when they overlap
sterically with non-sequential neighboring atoms. In con-
trast, the procedure described here will avoid steric over-
lap and pick orientations that are not necessarily the best
when only the local interaction is considered. If no orien-
tation can be selected that avoids steric overlap, or if the
calculated energy is obviously poor, the given Cα chain
can be labeled for rejection.
The high accuracy and speed achieved are primarily due to
the use of the frequency distribution of the peptide orien-
tations that occur in known protein structures. The peptide
orientation angle used here was defined some time ago
[15] and has been used by many authors to build the pep-
tides into the Cα chain. But unlike the mainchain dihedral
angles φ and ψ for which the frequency distribution has
been studied for a long time, no frequency distribution has
been reported for the peptide orientation angle, except in
the work of Payne [8]. We found that the distribution of
the peptide orientation angle is correlated with the local
Cα-chain geometry and the type of a flanking amino acid
residue. We used these correlations to set a rather narrow
search range, as well as the most probable initial value, for
the orientation angle of each peptide. The choice of initial
angles is important because they set up the environment in
which the peptides are built initially. Reducing the range
of possible values is also important, not only because they
speed up the search process but because many local energy
minima can be avoided by limiting the range.
The orientation-angle distribution in the known structures
indicates that the peptides in the α-helical and β-sheet
conformations have rather narrow ranges of orientations.
The largest range for α2 occurs when the peptide is in the
Research Paper Peptide construction Wang et al. 7
Figure 8
Distribution of the coordinate rms deviation for C, O and N atoms
(solid line) and for the O atom alone (dashed line) between each pair
of the calculated and the experimental protein structures in the test
dataset.
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Figure 9
Distribution of the flip rate (number of flips per residue) for each
protein in the test dataset. The light gray bars present the case when
every peptide is counted. The dark gray bars present the case when
those peptides with a B factor > 30 are not counted.
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coil conformation, with θ2 in the range 100–120°, and
when the i+2 residue is a glycine. The accuracy with
which the peptides can be reconstructed (Table 5) varies
in accordance with these correlations. It is possible that
this variation in the reconstruction accuracy reflects the
degree of real orientational flexibility in protein structures.
The single peptide reconstruction procedure consists of
scanning the entire angle range of one single peptide in the
otherwise unaltered native protein. Thus, it will always find
the global energy minimum. Any error made during this
procedure will arise from other sources, such as defects in
the energy function used (see below), idealization of the
peptide geometry, the 10°-step discrete sampling, and a too
narrow angle range for some peptides. In contrast, the full
peptide reconstruction is a many-body problem and there is
no guarantee that the global minimum has been found. But
the fact that the full peptide reconstruction adds only 2–5°
error to the single peptide reconstruction results (Table 4)
indicates that being trapped in a local minimum is not the
most critical problem for this procedure.
As stated above, the procedure involves making individual
bump checks and hydrogen bond energy calculations.
Although the main purpose for these is to be able to reject
the Cα chains with bad geometry, they clearly help in
determining the correct peptide orientation. Thus, both the
bump check and the Ehb term in the energy function were
found to be useful in reducing the flip rate (see the Results
section). The inclusion of the Ehb term also decreased the
angle rms deviation by, on average, 5° (Figure 10). The
5pti example (see the Results section) also suggests that
some specific non-neighbor hydrogen bonding interac-
tions, which may be critically important for folding of some
proteins, may not be made if peptides are built only on the
basis of the near-neighbor interactions.
The procedure should really be tested on structures that
are artificially generated during ab initio folding trials. But
because the true peptide orientation in these structures is
not known, such a test cannot be made. The testing with the
NMR structures (Figure 11) indicates that, when there are
alternative Cα-chain geometries, the procedure does obtain
different peptide orientations that are appropriate for each of
the different geometries. The fact that the flip rate increases
for peptides with a high crystallographic B factor (Figure 9)
therefore suggests possible experimental error. Thus, the
true calculation error is probably less than indicated above.
The present work is only a preliminary study and a number
of improvements can be made. For example, the sidechains
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Figure 10
Distribution of the α2 angle rms deviation when the peptides were built
using both the Eba and Ehb terms (solid line) or when only the Eba term
was used (dotted line) in the energy function. The angle rms deviation
was computed for each protein in the test dataset.
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Figure 11
Comparison of the peptide reconstruction accuracy for different
structures of protein G. The structures used are the crystallographic
structure (1pga) and the 60 NMR structures (1gb1). The abscissa
gives the coordinate rms deviation for the Cα atoms between the
crystallographic and the NMR structures; this measures the degree of
structural dissimilarity among the different structures. The ordinate
gives the coordinate rms deviation for the C, O and N atoms between
the crystallographic and the NMR structures (open circle), between the
crystallographic and reconstructed NMR structures (filled circles), and
between the reconstructed and observed NMR structures (filled squares).
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were ignored. The inclusion of the sidechain interaction
will be important, however, not only to improve the recon-
struction results, but also to better judge the fitness of a
given Cα chain during a folding trial. The solvent effect
can also be important. In addition, a Lennard–Jones type
smooth potential, rather than the all-or-none bump check,
may be useful in cases where strong electrostatic interac-
tions can overcome some slight van der Waals overlap.
The peptide construction accuracy is expected to improve
with the inclusion of these energy terms in the future.
Materials and methods
Selection of the protein structure datasets
Two different sets of known protein structures were used in this study.
Set A was used to obtain the frequency distributions of the peptide ori-
entation angles. The proteins for this set were selected using the
program OBSTRUCT [20] available through the internet EMBL web site
(http://www.embl-heidelberg.de/obstruct/obstruct_info.html). The selec-
tion criteria were set up so that all proteins had crystal structures with a
resolution of 1.8 Å or better and the sequence identity was < 25%
between any pair in the set. There were 136 proteins in the selected
dataset. The PDB file names of these proteins are listed in Table 1a.
Set B was used to test the peptide construction procedure. This set was
selected from the dataset of Hobohm and Sander [21] using the follow-
ing criteria: a resolution better than 2.5 Å, full atom coordinates, and no
chain break. There were 168 structures that met these criteria. When
there were alternative conformations in the crystal structure, the first con-
formation was chosen. The PDB file names of these proteins are listed in
Table 1b. There are 35 proteins that appear in both sets A and B.
Definition of the peptide orientation angles, α1 and α2
We define np, the vector normal to the plane of the peptide between
residues i+1 and i+2, as:
np = (Cαi+1→ Cαi+2) Χ (Cαi+2 → Oi+1) (1)
where the expression y→z indicates the vector from atom y to atom z
and the Χ indicates the vector product (Figure 1). We also define the
vectors normal to two different reference planes, one made by the atoms
Cαi, Cαi+1 and Cαi+2 and the other by Cαi+1, Cαi+2 and Cαi+3, as:
n1 = (Cαi → Cαi+1) Χ (Cαi+1→ Cαi+2) (2)
and
n2 = (Cαi+1 → Cαi+2) Χ (Cαi+2 → Cαi+3) (3)
The two orientation angles, α1 and α2, are then defined as the amount
of rotation around the Cαi+1 → Cαi+2 bond that will bring the n1 and n2
vectors, respectively, to coincide with the np vector. Positive rotation
will advance a right-handed screw along the positive direction of the
vector Cαi+1 → Cαi+2.
Peptide-angle frequency distribution and the local Cα-chain
geometry
The assignment of the secondary structural state was made in two
steps. In the first step, a state was assigned to each consecutive Cα
quartet according to the θ1–τ–θ2 angle ranges given in Table 3. In the
second step, all a, b1 and b2 states that neighbor a c state were con-
verted to the c state. This was done in order to treat isolated α-helical
and β-sheet states as coil states.
For peptides in the a state Cα quartet, the α2 angle distribution is very
tight and the angle was set to 75°. For the peptides in the b1 or b2
state, α2 angles are linearly correlated with θ2 and the best regression
lines are given by:
α2° = 89.4° + 1.49 (θ2 – 120°) (4)
and
α2° = 68.0° + 4.00 (θ2 – 120°) (5)
for the b1 and b2 states, respectively. In both cases, for any given θ2
value, α2 ranges within ~50° of the α2° value given by these equations.
For the remaining nearly 50% of the residue quartets in the c state, the
α2 ranges were determined in the following manner (Figure 4). When
θ2 < 100°, two regions are defined, one around 80° and the other
around 290°. When θ2 is in the range 100–120°, one broad region is
defined as 20–160°. About 1% of the cases that are scattered outside
this region are ignored. For most of these outliers, the corresponding
tetrapeptide has φ and ψ angles that fall in the disallowed regions of
the Ramachandran map and, for some of them, the crystallographic B
factor is rather high. When θ2 > 120°, there is again a linear correlation
between α2 and θ2, with the best regression line given by:
α2° = 72.6° + 3.30 (θ2 – 120°) (6)
Finally, there are cases that fall outside any of the categories listed
above. It turns out that most of these exceptional cases are for the pep-
tides that precede a cis peptide. All points for the peptides that precede
a cis peptide are indicated in Figure 4. The α2 angles for these peptides
are in the range 0–90°. The reason that a cis peptide exerts such a
strong influence on the orientation of the peptide that neighbors it on
the N-terminal side has not been investigated.
When glycine is at position i+2 (Figure 5), we define two α2 ranges
as follows. When θ2 < 110°, α2 falls in two tight regions, one around
75° and another around 280°. When θ2 > 110°, α2 is again linearly
correlated with θ2, according to the following regression relations:
α2° = 46.8° + 3.90 (θ2 – 120°) (7)
and
α2° = –52.0° – 4.40 (θ2 – 120°) (8)
for the left and the right branches, respectively. Although the total
range of α2 is broad when glycine is at position i+2 (Figure 3), use of
these characteristics of the θ2 dependence substantially reduces the
α2 range that must be searched for any given Cα geometry. The α2
angle ranges and the most probable values are summarized in Table 3.
Peptide construction
Peptide geometry and placement. Two template peptide groups were
built, one for cis and another for trans peptides, assuming that they are
completely rigid. The bond lengths and angles used were taken from
Schulz and Schirmer [16]. In order to build a particular peptide group,
we copied and translated this template to the proper location so that
the first Cα atom and the Cα–Cα virtual bond direction were super-
posed. The peptide was then rotated around the Cα–Cα virtual bond
so that the orientation angle is as given by α2, or by α1 in the case of
the C-terminal peptide.
Peptide construction procedure. The orientation angle of a peptide was
determined by systematically scanning the entire angle range allowed
for the peptide, as determined in accordance with Table 2, in 10°
steps. The whole structure was kept frozen during this scan, except the
single rotating peptide group. The orientation that gives the best
energy was then selected. This procedure is referred to as the single
peptide-angle scan (SPAS) procedure and was used in rebuilding one
single peptide in the native crystal structure as well as in the iterative
process of rebuilding all peptide groups of the whole protein.
All peptide reconstruction for the whole protein was made in three or
more steps: first, all peptides other than glycine were built using the
most probable α2 angle for the amino acid type, the secondary struc-
tural state, and the θ2 angle. These initial angles are given in Table 2.
This sets up the environment for building the glycine peptides. Second,
the glycine peptides were built using the SPAS procedure in the envi-
ronment that had just been set up. Third, the orientations of all peptides
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were refined, one at a time, from the N to the C terminus of the protein,
using the SPAS procedure. The environment was frozen during each
SPAS procedure, but it generally changed from peptide to peptide as a
new orientation was chosen for each peptide. This step was repeated
several times. The last peptide was ignored in the whole process and
built only after all construction and refinement cycles had been finished
with all other peptides. It was then built using the SPAS procedure
over the entire α1 range of 0–360°.
The bump check was made starting from the second step. Because
the initial model was made without the bump check, there are generally
atomic clashes in this model and the bump checks must be introduced
slowly. In order to do this, the bump distances (see below) were uni-
formly modified by multiplying by a scale factor. It was set to 0.6 initially
and then gradually increased to 1.0.
Bump check and energy calculation. Before the energy calculation was
performed, a bump check was always made using a set of minimum tol-
erated values (bump distances), which were derived from an analysis of
the minimum contact distances observed in the protein structures of
dataset A.
The energy between the given peptide and the rest of the molecule
was calculated according to the expression:
E = (wba Eba) + (whb Ehb) (9)
where wba and whb are the weights (see below). For a peptide between
residues i+1 and i+2, Eba was computed by:
Eba = k (∆θi+12 + ∆θi+22) (10)
where k is the force constant set to 0.052 kcal/mol/deg2 (CHARMM
Parameter set number 22 [22]) and ∆θ is the deviation of the N–Cα–
C bond angle from the standard value of 110° [16]. For the terminal
peptides, Eba included only one of the two ∆θ terms.
Ehb is the hydrogen bond energy and was computed as the sum of
Coulombic interactions among the partial charges between each pair of
peptides [23]. The dielectric constant was set to 1. All peptides were
included in the calculation whose center lay within 6.0 Å from that of the
given peptide group of interest. The center of a peptide group is defined
as the midpoint on the line that connects the two Cα atoms of the
peptide group.
The optimum values of the weights, wba and whb, were determined by
building single peptides using different weights and choosing the value
that yielded the lowest angle rms deviation between the calculated and
observed α2 angles, averaged over all peptides in the three test pro-
teins, 1crn, 1igd and 5pti. The optimum weights determined this way
were wba = 1 and whb = 1.7. We used the partial charges given by
Kabsch and Sander [23], which are nearly half of those used in
CHARMM parameter set 22. Thus, if the partial charges used in the
CHARMM parameter set 22 were used, this weight would correspond
to using the dielectric constant of ~22/1.7 = 2.4.
Quality measures of peptide reconstruction. The peptide construction
procedure was tested by reconstructing the peptides of proteins of
known structure and comparing the rebuilt peptides with the experimen-
tally determined structure. The measures used for this comparison were
the angle and coordinate rms deviations and the number of flips and the
flip rate. The angle rms deviation measures the average deviation of the
peptide orientation angle. The coordinate rms deviation values were
computed for different sets of atoms; for example, C, O and N atoms or
only the O atoms. A peptide was considered flipped if the calculated ori-
entation-angle deviated from the experimental value by > 90°. The flip
rate is the number of flipped peptides divided by the total number of
peptides. These measures were calculated for each protein separately,
except for the data given in Table 5, which were calculated for all the
peptides in the dataset (set B) regardless of the protein.
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